Coronaviruses (CoVs) are unique in encoding a 3=¡5= exoribonuclease within nonstructural protein 14 (nsp14-ExoN) that is required for high-fidelity replication, likely via proofreading. nsp14 associates with the CoV RNA-dependent RNA polymerase (nsp12-RdRp), and nsp14-ExoN activity is enhanced by binding nsp10, a small nonenzymatic protein. However, it is not known whether nsp10 functions in the regulation of CoV replication fidelity. To test this, we engineered single and double alanine substitution mutations into the genome of murine hepatitis virus (MHV-A59) containing ExoN activity [ExoN(؉)] at positions within nsp10 known to disrupt the nsp10-nsp14 interaction in vitro. We show that an nsp10 mutant, R80A/E82A-ExoN(؉), was five to ten times more sensitive to treatment with the RNA mutagen 5-fluorouracil (5-FU) than wild-type (WT)-ExoN(؉), suggestive of decreased replication fidelity. This decreased-fidelity phenotype was confirmed using two additional nucleoside analogs, 5-azacytidine and ribavirin. R80A/E82A-ExoN(؉) reached a peak titer similar to and demonstrated RNA synthesis kinetics comparable to those seen with WT-ExoN(؉). No change in 5-FU sensitivity was observed for R80A/E82A-ExoN(؊) relative to MHV-ExoN(؊), indicating that the decreased-fidelity phenotype of R80A/E82A-ExoN(؊) is linked to the presence of ExoN activity. Our results demonstrate that nsp10 is important for CoV replication fidelity and support the hypothesis that nsp10 functions to regulate nsp14-ExoN activity during virus replication.
V iral adaptation is driven by selection and genetic bottlenecks present within the host and during transmission. It is the error rate (fidelity) of the viral replicase that generates the genetic diversity that is subjected to selection. At the core of all RNA virus replicases, with the exception of retroviruses, is the RNA-dependent RNA polymerase (RdRp). Research performed with numerous RNA viruses, including foot-and-mouth disease virus (1-3), poliovirus (4-10), chikungunya virus (11, 12) , influenza virus (13) , coxsackievirus B3 (14, 15) , and human enterovirus 71 (16) (17) (18) , has demonstrated that mutations within the viral RdRp can either increase or decrease replicase fidelity. In the vast majority of cases, alterations in replication fidelity result in decreased viral fitness and attenuation of virulence (reviewed in reference 19) . Also, viruses with altered replication fidelity have potential therapeutic value as live attenuated vaccines (5, 9, 20, 21) . Together, these observations underscore the need to elucidate the contributions of individual protein-protein interactions and virus-encoded enzymes to replicase fidelity.
The coronavirus (CoV) replicase is more complex than that of many other RNA viruses due to their large 27-to-32-kb genomes (19, 22) and the presence of multiple RNA-modifying activities (23) . In addition to encoding RdRp activity within nonstructural protein 12 (nsp12-RdRp), CoVs encode 3=¡5= exoribonuclease (ExoN) activity within nsp14 (23, 24) . Biochemical studies have shown that ExoN is capable of removing 3= mismatches (25) , and inactivation of ExoN activity decreases the fidelity of the CoV replicase by up to 20-fold in tissue culture and in vivo (21, 26, 27) . Viruses lacking ExoN activity [ExoN(Ϫ)] have increased susceptibility to lethal mutagenesis in the presence of RNA mutagens (28) compared to wild-type (WT) viruses containing ExoN activity [ExoN(ϩ)]. Thus, all available bioinformatic, biochemical, and virological data support the conclusion that CoVs have evolved proofreading capacity. Attempts to reconstitute the CoV replicase using recombinant proteins have been impeded by the limited polymerase activity observed for nsp12-RdRp in vitro (29) (30) (31) . Recent work by Subissi et al. demonstrated that nsp7 and nsp8 are required for processive RNA synthesis during CoV replication, in part by increasing the binding of nsp12-RdRp to the RNA template (32) . nsp12-RdRp is also capable of associating with nsp14-ExoN without disrupting the capacity of ExoN to cleave an RNA template.
Aside from nsp14, no other viral proteins have been demonstrated to affect the fidelity of the CoV replicase. nsp10, a small CoV protein with no known enzymatic function, binds nsp14 and enhances ExoN activity by up to 35-fold in vitro (25) . Mutations in nsp10 that alter the nsp10-nsp14 interaction in vitro reduce or abolish the enhancement of ExoN activity (25, 33) . In addition to enhancing ExoN activity, nsp10 is an allosteric regulator of nsp16, a 2=-O-methyltransferase (2=-OMT) involved in capping of CoV RNA and evasion of host interferon (IFN)-stimulated genes (34) (35) (36) (37) (38) . Targeted mutagenesis studies also have implicated nsp10 as a critical regulator of CoV RNA synthesis (39) and proteolytic processing by the nsp5 viral protease (40) . These studies indicated that nsp10 is an essential component of the CoV replicase that directly interacts with nsp14 and affects ExoN activity in vitro. However, it is not known whether nsp10 affects the fidelity of the CoV replicase or whether nsp10 affects the activity of nsp14-ExoN during virus replication.
Here we show that mutations in murine hepatitis virus (MHV-A59) nsp10, at positions previously demonstrated to disrupt nsp10-nsp14 interactions in vitro, decrease CoV replication fidelity. The nsp10 R80A/E82A-ExoN(ϩ) double mutant has increased sensitivity to the base and nucleoside analogs 5-fluorouracil (5-FU), 5-azacytidine (AZA), and ribavirin (RBV) compared to WT-ExoN(ϩ), indicative of decreased fidelity. When the nsp10 R80A/E82A substitutions were introduced into MHV-ExoN(Ϫ), there was no increase in 5-FU sensitivity beyond that of MHV-ExoN(Ϫ). Our results demonstrate that mutations in nsp10 decrease CoV fidelity and support the hypothesis that nsp10-mediated fidelity is dependent on intact ExoN activity. Our results are consistent with recent biochemical studies (25, 32) and support a model in which CoVs use multiple nonstructural proteins, including nsp10, nsp12, and nsp14, to faithfully replicate their large RNA genomes.
MATERIALS AND METHODS
Cell culture. DBT-9 (delayed brain tumor, murine astrocytoma clone 9) cells (41) were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100 U/ml penicillin and streptomycin (Gibco), 10 mM HEPES, and 0.25 g/ml amphotericin B (Corning). Baby hamster kidney (BHK) cells stably expressing the MHV receptor (BHK-R [42] ) were maintained in the same medium but supplemented with 0.8 mg/ml of G418 (Mediatech).
Site-directed mutagenesis. To reduce the number of downstream sequencing reactions, a region of the MHV E fragment (positions 2106 to 2982) containing nsp10 was subcloned into pCR-2.1-TOPO TA vector (Invitrogen) according to the manufacturer's instructions. Twenty-five nanograms of template was used to introduce the point mutations within nsp10. QuikChange (Stratagene) site-directed mutagenesis was performed according to the manufacturer's protocol. The nsp16 D130A mutant was generated similarly, except mutagenesis was performed using the F fragment. Each plasmid was sequenced (Genhunter Corporation, Nashville, TN) to ensure that only the intended mutations were present. Once confirmed, the fragment containing nsp10 was excised from TOPO using BamHI and KpnI and ligated into a WT E fragment linearized with BamHI and KpnI.
Assembly and recovery of viruses. The infectious cDNA clone for MHV-A59 (GenBank accession no. AY910861) has been described previously (42) . Briefly, a total of 1.5 g of linearized WT MHV fragments A to D and fragments F and G was ligated together with the appropriate E fragment containing the nsp10 mutation(s) overnight at 16°C using T4 ligase (New England BioLabs). For the ExoN(Ϫ) viruses, the F fragment containing the two ExoN mutations (D89A and E91A) was used (26) . A 1/10 volume of 3 M sodium acetate (pH ϭ 5.5) and 1 volume of chloroform were added to the ligation reaction. The aqueous layer was removed to a new tube, and 1 volume of isopropanol was added to precipitate the DNA. This purified product was resuspended in nuclease-free water and was then transcribed using Ambion mMessage mMachine T7 with the following modifications in a total reaction volume of 50 l: 7.5 l of 3 mM GTP, 25 l 2ϫ NTP/cap, 5 l of 10ϫ reaction buffer, 7.5 l of template, and 5 l of the enzyme mix. The reaction was modified in order to efficiently generate longer transcripts at 40.5°C for 30 min, 37°C for 1 h, 40.5°C for 30 min, 37°C for 30 min, and 40.5°C for 30 min. Transcript for the N gene was generated using water instead of the 3 mM GTP. Fifty microliters of the transcription reaction and 25 l of N transcript were electroporated (Bio-Rad GenePulser Xcell) into 6 ϫ 10 7 BHK-R cells and added to T-75 flasks seeded with DBT-9 cells. Cells were grown at 37°C, and flasks containing virus were frozen when cytopathic effect (CPE) was present throughout the flask. Flasks were thawed, and debris was pelleted at 4,000 ϫ g (Sorvall RC 3B Plus; HA-6000A rotor) for 10 min at 4°C. The supernatant was then divided into aliquots and considered passage 0 (P0) stock. The virus titer was determined by a plaque assay using DBT-9 cells as described previously (26) .
Propagation and confirmation of recombinant viruses. Subconfluent DBT-9 cells were infected at a multiplicity of infection (MOI) of 0.01 PFU/cell to generate P1 stocks. Virus was harvested as described above. To ensure that the recovered viruses contained only the intended mutations, RNA was harvested from DBT-9 cells infected with P0 stock using TRIzol (Ambion). The RNA was purified according to the manufacturer's protocol and reverse transcribed (RT) using SuperScript III (Invitrogen) as described previously (28) . For all viruses, the entire nsp10 coding region was sequenced to ensure the absence of additional mutations. The P0 stocks of both N40A/R80A-ExoN(ϩ) and R80A/E82A-ExoN(ϩ) were sequenced across the entire genome to ensure that no other mutations had arisen during recovery. For full-genome sequencing, 12 overlapping ϳ3-kb cDNA amplicons were generated using 2 l of RT product in a total reaction volume of 50 l containing 100 ng each of forward and reverse primers, 5 l of 10ϫ reaction buffer, 1 l of 10 mM (each) deoxynucleoside triphosphates (dNTPs), and 0.5 l (5 U/l) of high-fidelity Easy A polymerase (Agilent). PCR was performed using a Bio-Rad C1000 Touch Thermal Cycler as follows: for step 1, 95°C for 2 min; for step 2, 95°C for 30 s; for step 3, 58°C for 30 s; for step 4, 72°C for 3.5 min; and for step 5, 72°C for 7 min. Steps 2 through 4 were repeated 30 times. All primers generated single bands and were column purified using a Wizard SV Gel and PCR cleanup system (Promega). The nucleotide sequences of the amplicon and sequencing primers are available upon request.
Base and nucleoside analog sensitivity studies. 5-Fluorouracil (5-FU), 5-azacytidine (AZA), and ribavirin (RBV) were purchased from Sigma; stock solutions were made in dimethyl sulfoxide (DMSO) at 200 mM, water at 50 mM, and water at 200 mM, respectively. Sensitivity studies were performed at the indicated concentration(s) of base or nucleoside analog for both low (0.01 PFU/cell)-and high (1 PFU/cell)-MOI infections, as described previously (28) . For 5-FU sensitivity experiments at 37°C and 40°C, cells were shifted to the appropriate temperature once the treatment was added back postinfection. We have demonstrated that 5-FU and RBV exhibit minimal cellular toxicity in DBT-9 cells at concentrations up to 400 M (28). The cytotoxicity of AZA and RBV, at concentrations up to 50 M, was determined using CellTiter-Glo (Promega) according to the manufacturer's instructions. Briefly, DBT-9 cells were seeded into an opaque tissue-culture-grade 96-well plate approximately 18 h prior to the addition of AZA or RBV. Cells were then incubated with AZA or RBV at the indicated concentrations for 24 h, and cell viability was determined.
Replication curves and RNA synthesis kinetics. Viral replication kinetics were determined at both a high MOI (1 PFU/cell) and a low MOI (0.01 PFU/cell) as described previously (26) . Supernatant (300 l) was collected at the indicated time points, and the virus titer was determined by a plaque assay. Kinetics of genomic and subgenomic RNA synthesis at an MOI of 1 PFU/cell, with or without 5-FU treatment, were determined by two-step real-time quantitative RT-PCR (qRT-PCR) (28) using RNA harvested at the times indicated. RNA extraction with TRIzol and RT reactions were performed as described above. Primers used to detect genomic (nsp10) and subgenomic (N) RNA, as well as GAPDH (glyceraldehyde-3-phosphate dehydrogenase), have been previously reported (28, 39) . The region of nsp10 used to quantify genomic RNA levels does not overlap the mutations introduced within nsp10. Reactions and data analysis were performed as described previously (28) with modifications: the RT product was diluted 1:200, the values determined for duplicate wells of each sample were averaged into one value to minimize well-towell variation, and data were normalized relative to GAPDH using the threshold cycle (2 Ϫ⌬CT ) method.
IFN-␤ sensitivity assay. Subconfluent monolayers of DBT-9 cells in 24-well plates were pretreated with either 100 U/ml or 500 U/ml of mouse beta interferon (IFN-␤) (PBL Assay Science, Piscataway, NJ) for 18 h prior to infection. The pretreatment reaction mixture was removed, and monolayers were inoculated with the indicated virus at an MOI of 1 PFU/cell for 45 min at 37°C. The inoculum was removed, and fresh DMEM was added to each well. The supernatant was harvested at 12 h postinfection, and the virus titer was determined by a plaque assay.
Statistical analysis. Statistical tests were applied where noted using GraphPad Prism 6 (La Jolla, CA) software. Significance is denoted (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.0001) and was determined using the test described in the figure legend. In some cases, data were normalized to untreated controls; this was also performed using GraphPad Prism 6. The number of replicate samples is denoted within each figure legend.
RESULTS

Effect of mutations in nsp10 on virus sensitivity to 5-fluorouracil (5-FU).
To test the role of nsp10 in fidelity, we engineered mutations coding for alanine substitutions into the infectious clone of MHV-A59 (42) at conserved amino acid positions re-ported to disrupt the severe acute respiratory syndrome (SARS)-CoV nsp10-nsp14 interaction in vitro: G69A, N40A, R80A (H80 in SARS-CoV), and E82A (D82 in SARS-CoV) ( Fig. 1 ). With the exception of the G69A mutation, all nsp10 mutations permitted virus recovery; earlier attempts by another group to recover G69A were also unsuccessful (39) . We previously demonstrated that the base analog 5-FU is incorporated into the CoV genome by nsp12-RdRp during viral replication, resulting in increased genomic mutations (28) . Incorporation of 5-FU is increased in low-fidelity viruses lacking ExoN activity [ExoN(Ϫ)], indicating that virus sensitivity to 5-FU treatment can be used to test for decreases in replication fidelity. We compared the replication of the single alanine substitution mutants N40A, R80A, and E82A to that of WT-ExoN(ϩ) in the presence and absence of 5-FU. All three mutant viruses exhibited 5-FU sensitivity phenotypes similar to that of the WT-ExoN(ϩ) virus at both an MOI of 1 PFU/cell and an MOI of 0.01 PFU/cell ( Fig. 2A and B ). 5-FU exhibited no toxicity in DBT-9 cells at concentrations up to 400 M (28).
Because formation of a stable nsp10-nsp14 complex likely involves multiple surface-exposed residues, substitution at one position might not be sufficient to alter nsp10-nsp14 interactions during virus infection. Thus, we introduced the alanine double substitutions N40A/R80A and R80A/E82A within nsp10. We then tested whether the alanine double substitutions N40A/R80A and R80A/E82A affected virus sensitivity to 5-FU treatment. No increased sensitivity was detected during infection at an MOI of 1 PFU/cell (Fig. 2C ). Infection at a higher MOI could mask a subtle increase in 5-FU sensitivity due to the capacity of the population to tolerate or complement mutations. Thus, we examined the sensitivity of N40A/R80A-ExoN(ϩ) and R80A/E82A-ExoN(ϩ) to 5-FU treatment at a low MOI (0.01 PFU/cell). Both N40A/R80A-ExoN(ϩ) and R80A/E82A-ExoN(ϩ) demonstrated increased sensitivity to 5-FU treatment compared to WT-ExoN(ϩ) (Fig.  2D ). The 5-FU sensitivity of R80A/E82A-ExoN(ϩ) was concentration dependent across the range tested, while N40A/R80A-ExoN(ϩ) demonstrated a subtle increase in sensitivity only at 200 M 5-FU. Because of this, we focused primarily on the R80A/ E82A-ExoN(ϩ) virus for subsequent experiments. These data demonstrate that mutations in nsp10 increase 5-FU sensitivity, consistent with decreased replication fidelity. Our data also indicate that the impact of nsp10 mutations on fidelity is less than that seen after inactivation of ExoN activity (28) , as the titer of MHV-ExoN(Ϫ) was decreased by almost 4 log 10 following treatment with 80 M 5-FU ( Fig. 2E) .
R80A/E82A-ExoN(؉) shows increased sensitivity to nucleoside analogs AZA and RBV. To confirm that the observed 5-FU sensitivity was a result of decreased fidelity, we tested whether R80A/E82A-ExoN(ϩ) was sensitive to the nucleoside analogs 5-azacytidine (AZA) and ribavirin (RBV). AZA and RBV have been shown to induce mutagenesis of RNA virus genomes, most recently for influenza virus (43) . We examined the sensitivity of R80A/E82A-ExoN(ϩ) to AZA and RBV during infection at a low MOI (0.01 PFU/cell). Both MHV-ExoN(Ϫ) and R80A/E82A-ExoN(ϩ) showed increased sensitivity to AZA compared with WT-ExoN(ϩ) at concentrations at and above 20 M (Fig. 3A) . R80A/E82A-ExoN(ϩ) was between 10-fold and 100-fold more sensitive to AZA treatment than WT-ExoN(ϩ). MHV-ExoN(Ϫ) was undetectable by plaque assay at concentrations above 20 M, consistent with the strong mutator phenotype. Since AZA also inhibited WT-ExoN(ϩ) replication and exhibited cellular toxicity (Fig. 3B) , we examined the sensitivity of all three viruses to the guanosine analog RBV. We previously showed that MHV-ExoN(Ϫ), but not WT-ExoN(ϩ), is sensitive to treatment with RBV (28) . Consistent with our previous data, RBV showed minimal cytotoxicity at concentrations up to 50 M and had no effect on the WT-ExoN(ϩ) titer ( Fig. 3C and D) . MHV-ExoN(Ϫ) was undetectable by plaque assay at RBV concentrations above 20 M, and R80A/E82A-ExoN(ϩ) was more than 100-fold more sensitive to RBV treatment than WT-ExoN(ϩ) at higher concentrations. These results indicate that the R80A/E82A substitutions in nsp10 decrease CoV replication fidelity to levels between those seen with WT-ExoN(ϩ) and MHV-ExoN(Ϫ).
Replication and RNA synthesis kinetics of the R80A/E82A-ExoN(؉) mutant. To determine the impact of these mutations during infection, we examined the replication kinetics of R80A/ E82A-ExoN(ϩ) compared to those of WT-ExoN(ϩ) and MHV-ExoN(Ϫ). R80A/E82A-ExoN(ϩ) replication kinetics were similar to those seen with WT-ExoN(ϩ) during infection at an MOI of 1 and 0.01 PFU/cell ( Fig. 4A and B ), though the virus titers were lower than those of WT-ExoN(ϩ) at early time points. No enzymatic activity has been reported or predicted for nsp10. However, mutations in MHV-A59 nsp10 have been reported to impact viral RNA synthesis (39) . We therefore measured genomic and subgenomic RNA levels of the R80A/E82A-ExoN(ϩ) mutant during infection at an MOI of 1 PFU/cell using two-step qRT-PCR. Genomic and subgenomic RNA levels were normalized to the endogenous GAPDH control and were measured in both the presence and the absence of 5-FU treatment. WT-ExoN(ϩ) and R80A/E82A-ExoN(ϩ) demonstrated similar RNA synthesis kinetics, and RNA accumulation was not affected by 5-FU treatment (Fig. 4C and D) . On the basis of these data, we conclude that the increased 5-FU sensitivity of R80A/E82A-ExoN(ϩ) is not due to impairment of viral RNA synthesis.
R80A/E82A-ExoN(؉) does not have increased sensitivity to IFN-␤. In addition to stimulation of nsp14-ExoN activity, nsp10 binding to nsp16 is required for SARS-CoV nsp16 -2=- OMT activity (38, 44) . Both MHV-A59 and SARS-CoV lacking 2=-OMT activity display increased sensitivity to exogenous interferon beta (IFN-␤) treatment due to increased recognition by host interferon-stimulated genes (34) (35) (36) . Because of the dual functions of nsp10, we tested whether R80A/E82A-ExoN(ϩ) displayed increased sensitivity to IFN-␤. As a positive control, we engineered and recovered MHV-A59 with an alanine substitution mutation in nsp16 (nsp16 D130A). This mutation abolishes SARS-CoV 2=-OMT activity and renders both MHV-A59 and SARS-CoV sensitive to exogenous IFN-␤ treatment (34, 36) . Following IFN-␤ treatment, the nsp16 D130A virus titer was reduced by approximately 5 log 10 (Fig.  5) . In contrast, titers of both WT-ExoN(ϩ) and R80A/E82A-ExoN(ϩ) were reduced by approximately 1 log 10 . These results demonstrate that the R80A/E82A substitutions in nsp10 do not significantly impact 2=-OMT activity as measured by sensitivity to IFN-␤ treatment.
R80A and E82A substitutions do not enhance the sensitivity of MHV-ExoN(؊) to 5-FU treatment. If the phenotype of R80A/E82A-ExoN(ϩ) resulted from alterations in the nsp10-nsp14 interaction, as demonstrated by previous biochemical studies (25, 32) , then introduction of these mutations into the MHV-ExoN(Ϫ) background should not increase 5-FU sensitivity beyond that of MHV-ExoN(Ϫ). To test this, we examined the sensitivity of R80A/E82A-ExoN(Ϫ) and MHV-ExoN(Ϫ) to 5-FU treatment at a low MOI (0.01 PFU/cell), as described above. The R80A/E82A substitutions within nsp10 did not result in increased sensitivity to 5-FU treatment (Fig. 6 ) compared to that of MHV-ExoN(Ϫ), consistent with the observation that nsp10 functions as a stimulatory factor for nsp14-ExoN (25, 32) . Our data indicate that the decreasedfidelity phenotype of R80A/E82A-ExoN(ϩ) is dependent upon the presence of intact ExoN activity.
The 5-FU sensitivity of R80A/E82A-ExoN(؉) is increased at 40°C. The mechanism by which nsp10 stimulates nsp14-ExoN activity is unknown. On the basis of our results and previous biochemical studies (25, 32) , we hypothesized that nsp10 functions to stabilize nsp14 or regulate association of nsp14 with other components of the replication complex. To test this hypothesis, we sought to stress protein-protein interactions by increasing the temperature at which we performed the 5-FU sensitivity experiments. In the absence of 5-FU, the titers of both WT-ExoN(ϩ) and R80A/E82A-ExoN(ϩ) decreased by approximately 1 log 10 during infection at 40°C compared to 37°C (Fig. 7A) , indicating that R80A/E82A-ExoN(ϩ) was not temperature sensitive. Following treatment with either 100 M or 200 M 5-FU at 40°C, the titer of WT-ExoN(ϩ) decreased by only 2-fold to 3-fold relative to treatment at 37°C (Fig. 7B) . In contrast to WT-ExoN(ϩ) results, the R80A/E82A-ExoN(ϩ) virus titer was decreased by almost 100fold in the presence of 200 M 5-FU (Fig. 7B) . Combined, our data suggest that the R80A/E82A mutations in nsp10 disrupt protein-protein interactions, potentially, those between nsp10 and nsp14, that are necessary for CoV replication fidelity. 
DISCUSSION
Recent data demonstrate that multiple CoV nsp's are required for processive RNA replication (32) and that nsp10 interacts with this complex. Combined with data from previous studies showing the capacity of nsp10 to enhance nsp14-ExoN activity (25, 32) and the involvement of nsp10 in CoV RNA synthesis (39) , these data suggest that nsp10 is a core component of the CoV replicase. Here we show that R80A and E82A mutations within nsp10, positions pre-viously shown to disrupt the SARS-CoV nsp10-nsp14 interaction in vitro, led to decreased replication fidelity ( Fig. 2 and 3) . During the course of our study, Bouvet et al. reported an extensive panel of SARS-CoV nsp10 mutations that disrupt the nsp10-nsp14 interaction (33) . Only two mutations, K43A and Y96F, could be recovered, but the authors observed no increase in virus sensitivity to 5-FU treatment. These data are consistent with the phenotype of our single nsp10 mutants ( Fig. 2) and suggest that single point mutations within nsp10 might not be sufficient to disrupt the nsp10-nsp14 interaction during virus replication. This is in con- DBT-9 cells were pretreated with the indicated concentration of 5-FU and infected at an MOI of 0.01 PFU/cell. Supernatants were harvested at 24 h postinfection, and the virus titer was determined by a plaque assay. Data are presented as means Ϯ SEM. There was no statistically significant difference between R80A/E82A-ExoN(Ϫ) and MHV-ExoN(Ϫ) at each concentration as determined by a twotailed unpaired t test (n ϭ 4).
trast with results of studies performed using transiently transfected and recombinant nsp10 and nsp14 (25, 33) , in which single point mutations were capable of disrupting nsp10-nsp14 interactions. However, the differences between these previous studies and ours are probably due to the absence of other CoV replicase proteins. Replicase stability is likely determined by a network of protein-protein interactions involving the surfaces of multiple CoV nsp's (45) (46) (47) . Thus, a slight decrease in the strength of the nsp10-nsp14 interaction might be compensated for by other protein-protein interactions.
Our data support the hypothesis that the phenotype of R80A/ E82A-ExoN(ϩ) is due to modulation of ExoN activity. R80A/ E82A-ExoN(ϩ) displayed RNA synthesis kinetics similar to those of WT-ExoN(ϩ) ( Fig. 4 ) and did not exhibit increased IFN-␤ sensitivity compared to WT-ExoN(ϩ) (Fig. 5) , indicating that the R80A and E82A substitutions do not impact nsp16 -2=-OMT activity. Most importantly, introduction of the R80A and E82A substitutions into the genome of MHV-A59 lacking ExoN activity [R80A/E82A-ExoN(Ϫ)] did not further increase virus sensitivity to 5-FU treatment (Fig. 6 ) compared to that seen with MHV-ExoN(Ϫ). By analogy to Escherichia coli DNA polymerase III (Pol III), nsp10 could function by stabilizing nsp14-ExoN, by enhancing removal of 3= terminal mismatches during virus replication, or by driving the association of nsp14 with other replicase components. The DNA Pol III holoenzyme contains at least 17 subunits, and the catalytic site is composed of a heterotrimeric polymerase core with polymerase (␣), exonuclease (ε), and subunits (recently reviewed in reference 48). The subunit is a small 8-to-9-kDa protein that has no known enzymatic function but has been shown to enhance the proofreading activity of ε by 2-fold to 4-fold (49, 50) and to stabilize ε under thermal inactivation conditions (51, 52) . However, ε is not dependent upon the presence of the subunit (49, 51, 53, 54) . Both the N7-MT and ExoN activities of nsp14 were first reported independently of nsp10 (24, 55) , demonstrating that nsp10 is not a requirement for nsp14 enzymatic activity. This is in contrast to the SARS-CoV nsp10-nsp16 interaction, in which binding of nsp10 to nsp16 is required for nsp16 -2=-OMT activity (37, 38, 56) . The affinity of nsp14 for RNA has not been reported; however, the presence of two zinc finger (ZnF) domains within nsp10, coupled with the capacity of nsp10 to bind RNA, suggests that nsp10 could recruit nsp14 to RNA (57). nsp10 has not been reported to enhance nsp14 -N7-MT activity (44) ; however, the interaction of nsp10 with nsp14 could conceivably dictate whether or not nsp14 functions primarily in viral RNA capping, fidelity, or other uncharacterized functions.
The ϳ100-fold increase in 5-FU sensitivity observed for R80A/ E82A-ExoN(ϩ) at 40°C indicates that fidelity is likely further decreased at elevated temperature (Fig. 7) . Because nsp10 is required for CoV replication, it is unlikely that the phenotype observed at 40°C is due to temperature-dependent misfolding of nsp10. This interpretation is supported by the lack of temperature sensitivity of R80A/E82A-ExoN(ϩ) compared to WT-ExoN(ϩ) at 40°C (Fig. 7A ). Elevated temperature could be further disrupting nsp14 association with nsp10, thus either exerting a direct effect on nsp14-ExoN activity or affecting the rate at which nsp14 is associating with the replicase complex. Additionally, this phenotype could be due to destabilization of nsp14 in the absence of nsp10. The development of reagents to examine and detect nsp14 expression in tissue culture will be critical in resolving these important issues.
The results of our studies identify nsp10 as a determinant of CoV replication fidelity and support a model in which CoVs use multiple nonstructural proteins to faithfully replicate their large RNA genomes. Our data also indicate that the mechanism by which CoVs regulate their fidelity might be similar to that of DNA-based organisms. nsp7, nsp8, nsp12, and nsp13 could represent the minimal unit for RNA synthesis, while nsp10, nsp12, and nsp14 would be the primary determinants of replication fidelity. The ability to test these functions in replicating virus and to recapitulate this putative complex biochemically will be critical for a mechanistic understanding of CoV replication.
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